We present a novel mode-interference based polarization rotator with a dual-waveguide structure based on the standard silicon-on-insulator substrate. The polarization rotator section consists of two non-identical nanowire waveguides arranged 45
Introduction
The silicon-on-insulator (SOI) platform has been a great potential for high-density photonic integrated circuits (PICs) due to its high refractive index contrast between silicon and silica and the compatibility with the complementary metal-oxide-semiconductor (CMOS) technology [1] [2] [3] . However, the greatly di erent propagation properties of the transverse-electric (TE) and transverse magnetic (TM) modes induced by high refractive index contrast result in the polarization mode dispersion (PMD), polarization *Corresponding Author: Chyong-Hua Chen: Department of Photonics and Institute of Electro-Optical Engineering, National Chiao Tung University, Hsinchu 30010, Taiwan, E-mail: chyong@mail.nctu.edu.tw Kuei Ho Chen: Department of Photonics and Institute of ElectroOptical Engineering, National Chiao Tung University, Hsinchu 30010, Taiwan dependent loss (PDL) and polarization dependent wavelength (PDλ) in the waveguide. To circumvent these polarization e ects, polarization diversity schemes comprised of a polarization rotator (PR) and a polarization splitter are proposed to implement inbetween silicon PICs and singlemode ber based communication links [4] , and then a compact and high-performance PR based on SOI platform is of necessity in the polarization diversity circuit to accomplish the polarization transparent silicon PICs.
Research studies in the waveguide-type PRs are principally based on two mechanisms: the adiabatic mode evolution and the mode interference. PRs based on the adiabatic mode evolution usually require relatively long length (>100 µm) to acquire high extinction ratio (ER) and low insertion losses (IL) by using thick silicon waveguide [5] - [7] or depositing additional material layers [8] [9] [10] [11] [12] . A smaller PR based on adiabatic mode evolution is proposed by using a bi-level taper to convert the TM mode into TE mode [11] . However, their length is roughly 100 µm because of the use of adiabatic taper structures. Recently, several mode-evolution type PRs based on surface plasmon polariton (SPP) were demonstrated by depositing a thin metal layer on the silicon wire waveguide [13] [14] [15] . Although ultrashort device lengths were obtained (<5 µm), their insertion losses were rather high (>1 dB) due to the propagation loss of SPP wave.
On the contrary, mode-interference-based PRs allow a complete power transfer between two fundamental TE and TM guided modes by using longitudinally periodic modied structure, bend structures, and single section waveguides with asymmetric core structures or multiple subwavelength trenches of di erent depths [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . The PRs using a single section waveguide are based on the beating of two hybrid modes with 45
• -tilted eigenaxes and equal modal amplitudes to realize the desired polarization rotation. Although most of them can have short device length (<10 µm) by enlarging the di erence in the propagation constants of these two modes [24] , [25] , [28] , their heights of the Si waveguides are thicker than that of a standard silicon waveguide (220 nm). This results in a di culty of integrating into other on-chip functional devices on the SOI substrate and then degrading the device's performance. A work using a double-stair waveguide is designed based on SOI substrate with the thickness of Si layer of 220 nm [30] , but their PR section is roughly 23 µm and the insertion loss is larger than 1 dB.
Here, we present a novel mode-interference-based PR with a single section waveguide structure based on a standard SOI substrate. This section consists of two square nanowire waveguides which are 45
• -o set horizontally and vertically. The height of the lower nanowire waveguide is that of the standard silicon waveguide, i.e., 220 nm. The upper nanowire is formed by polycrystalline silicon, which can be fabricated by the standard CMOS processes [28] . Because this structure is arranged symmetrically to the 45 
Polarization Rotator Design
Our proposed PR is schematically depicted in Fig. 1 , which consists of three sections: (i) the input taper section, (ii) a PR section and (iii) the output taper section. The input and output waveguides are the standard silicon waveguide with a thickness of 220 nm and a width of 450 nm. The structure of a PR section is constructed by two square waveguides o set horizontally and vertically, as shown in the left inset of Fig. 1(a) . The upper right corner of the lower waveguide is connected with the lower left one of the upper waveguide. The lower waveguide is an SOI waveguide using a crystalline silicon waveguide (n = 3.45) of 220 nm thickness buried in the silicon oxide (n = 1.444), whereas the upper one is a polycrystalline silicon waveguide (n = 3.45) with a thickness of w .
The input/output taper section is a dual-lateral overlapping taper. The upper linear taper with its width varying from 0 to 50 nm formed by polycrystalline silicon is deposited on the top of the lower one with its width variation from 450 nm to w . The cross section at the output taper entrance is illustrated in the right inset of Fig. 1 (a). First, we investigate the properties of the two lowestorder hybrid modes HM and HM in the PR section for the di erent values of w . A simulator based on the nite element method (FEMSIM by Rsoft) is used to attain eld distributions and propagation constants of the hybrid modes in the PR section. The rotation parameter R is de ned to calculate the rotation angle of the eigenaxis of a hybrid mode [17] 
where n(x,y) is the refractive index distribution of the PR structure, Ex and Ey are the x-and y-components of the transversal electric eld distribution of the hybrid mode, respectively, and A is the taken integral area of the computational window. Figure 2 shows the variation of w on the rotation parameter R for HM and HM . The value of R for each hybrid mode remains 1 as w is changed, indicating that both 
HM and HM have 45
• -rotated eigen-axes regardless of the variation of w . That is, these two modes are linear polarized with ±45
• tilted angles with respect to x-y plane, because the PR structure is arranged symmetrically to the 45
• direction of the x-y plane. Therefore, two square nanowire waveguides which are 45
• -o set horizontally and vertically can obtain almost identical x and y electric eld components for both HM and HM modes. The half-beat length is the length to produce π phase shift between HM and HM in the waveguide and calculated by [20] 
where n e , and n e , are the e ective indices of HM and HM , respectively. The corresponding half-beat length as a function of w is illustrated in Fig. 3 . As seen in Fig. 3 , Lπ is less than 20 µm as w varies from 60 nm to 300 nm, and a minimum is observed at w = 220 nm,~3.14 µm. However, the third hybrid mode is recognized as w >220 nm, and thus w should be chosen between 0~220 nm to avoid the excitation of the unwanted higher order hybrid modes in the PR section. Figure 4 displays the modal distributions and the corresponding polarization states of HM and HM with w = 80 nm. We observe the modal elds of HM are more con ned than that of HM . Additionally, the electric eld of HM is concentrated around the intersection of two nanowires, and that of HM is distributed along the edges of the structure. As a consequence, the modal excitation for both modes would be di erent, and the loss would be introduced due to the mode mismatch.
The modal excitation coe cient a j can be estimated using the following overlap integral [34] 
where {E i , H i } is the eld distribution of the input wave, {E HMj , H HMj } is the modal eld of the hybrid mode HM j , for j=1 and 2, and nz is a unit vector along the z-axis. Let the input wave be the fundamental TM mode of a square waveguide with its width of 220 nm. The modal excitation amplitudes for HM and HM as a function of w are exhibited in Fig. 5(a) . We see both coe cients decrease with the increase of w , and the di erence between these two values increases as w increases from 60 nm to 220 nm. On the other hand, as shown in Fig. 5(b) , the coupling loss is monotonically decreasing function of w as a result of the mode mismatch. Here, the coupling loss is calculated by 10×log (|a | +|a | ). Therefore, to achieve an acceptable IL of a PR, we choose w = 80 nm, and then the corresponding half-beat length is 10.24 µm.
The input and output taper sections are inserted to minimize the IL of the whole device and to modulate the modal excitation coe cients to accomplish a 90
• rotation of the input polarized wave to reach maximal extinction ratio. Figure 6 shows the e ect of the width of the lower taper w on the coupling loss of the PR. The fundamental TM mode of the w -wide standard waveguide is used as the launch eld. We see that a minimum of the coupling loss is obtained as w = 240 nm, a slightly wider than that of the lower waveguide of the PR section as a consequence of relatively expanded mode distributions of HM and HM . Let w be 240 nm and the taper length L t be 7 µm. We use 3D FDTD method (Fullwave by Rsoft) to calculate the performance of the designed PR structures. Then, we acquire the minimal output power of the fundamental TM mode with the fundamental TM mode of the input waveguide as the incidence by iteratively searching the lateral o set d and the length of the PR section L because variation of d gives rise to an introduction of a small phase shift in the taper section. The optimized d and L is 25 nm and 11.3 µm, respectively. L is slightly lengthened compared to the half-beat length Lπ. Figure 7 displays the propagation behaviors in the proposed PR structure with L = 11.3 µm, L t = 7 µm, w = 240 nm and d = 25 nm for the x and y components of electric elds Ex and Ey at λ , respectively. As expected, both HM and HM hybrid modes excited in the PR section interfere along this section. As shown in Fig. 7(a) and (b) , at the interface of the output taper section and the output waveguide, the power of the Ey eld nearly converts into the Ex eld. Besides, as the incidence is the fundamental TE modes of the input waveguide, the power of the Ex eld approximately converts into the Ey eld in the output waveguide, as depicted in Fig. 7 (c) and
The ER is de ned as the power ratio of the transmitted TE and TM modes, i.e., 10× log (P TE,o /P TM,o ), where P TE,o and P TM,o are the powers of the fundamental TE and TM modes in the output waveguide, respectively. The IL is de ned as the power ratio of the fundamental TE mode in the output waveguide to the input signal, i.e., − ×log (P TE,o /P TM,i ), where P TM,i are the power of the fundamental TM mode in the input waveguide. Figure 8 plots the wavelength dependency of the calculated IL and ER of the proposed PR with aforementioned design parameters. Both ER and IL for the TM→ TE and TE→ TM modes have a local maximum at λ . The corresponding peak ER and IL for the TM→ TE mode is 32.27 dB and − . dB, respectively, whereas those for the TE→ TM mode are 21.58 dB and − . dB, respectively. Then the IL for the TE→ TM mode is slightly larger than that for the TE→ TM mode is due primarily to better mode match at the interface of the taper rear and PR section. However, the ER for TM→ TE mode are slightly better than that for the TE→ TM mode because the lateral o set d and the length of the PR section L are chosen to achieve the optimal ER for the TM→ TE mode. The ER of more than 20 dB for the TM→ TE mode is maintained over the wavelength range of 1536 nm and 1568 nm. However, that for the TE→ TM mode is obtained at the wavelength ranging from 1541 nm to 1556 nm, which is slightly narrower than that for TM→ TE mode. Figure 9 shows the variation of the taper lengths L t on the ER and IL. The ERs for both the TM→ TE and TE→ TM modes have a peak of 34.14 dB and 21.82 dB at L t = 7.5 µm. Besides, the ILs for both TM→ TE and TE→ TM modes are improved as L t increases. As L t becomes longer, the mode conversion into radiation modes in the output/input taper is imperceptibly happened, thereby diminishing the radiation loss and enhancing the output power of two modes. On the other hand, the phase shift in the long taper section increases as a consequence of the increment of the taper length, thereby reducing the ER for both TM→ TE and TE→ TM modes as L t >7.5 µm. As L t is between 4.7 µm and 10.7 µm, the ER for TM→ TE mode is larger than 20 dB, and the corresponding IL is less than − . dB.
The variation of the PR length L on the ER and IL is illustrated in Fig. 10(a) . It shows that the ER for TM→ TE mode is more than 20 dB, and the corresponding IR is less than − . dB as L ranges between 10.6 µm and 11.8 µm, i.e., L is within ±5% variation of the optimized L. Furthermore, the e ect of the lateral shift d on the ER and IL is shown in Fig. 10(b) . As the upper taper moves toward to the upper nanowire, i.e., d decreases, the modal excitation amplitude for HM increases. As a result, P TE,o decreases and P TM,o increases for the TM→ TE mode, giving rise to both reduction of the ER and IL for the TM→ TE mode for d<25 nm. The ER for the TM→ TE mode is more than 20 dB, and the corresponding IR is less than − . dB as d varies between 17 nm and 37 nm. Similar tendency is observed for the TE→ TM mode.
At last, we discuss the possible discrepancy in the performance of the ideal design and the fabricated device.
The geometrical e ect of the design would be similar to that of PR length L as the two nanowire waveguides are square due to the variation of the half-beat length. Here, we discuss the e ect of the asymmetrical structure of this design, i.e., the width variation of waveguides formed by polycrystalline silicon. Let the waveguide widths made by polycrystalline silicon vary by a deviation ratio η. The calculated IL and ER as a function of η are shown in Fig. 11 . As been seen in Fig. 11 , the IL and ER have maximum values at η = 1. In addition, the insertion losses for TM→ TE mode and TE→ TM mode increase roughly 10% as η varies within ± 5%. Furthermore, the extinction ratios for both cases are larger than 20 dB as η is within ± 5% variations.
Conclusion
We proposed a novel mode-interference-based PR constructed by two silicon nanowire waveguides arranged 45
• -o set from each other based on the standard silicon waveguides with its height of 220 nm. This structure has the properties of the two lowest-order hybrid modes with 45
• -tilted eigenaxes regardless of the width variation of upper nanowire. Two identical dual-lateral overlapping taper sections are inserted in-between the input/output standard silicon waveguides and the PR section to diminish the IL and improve the ER by controlling the modal coe cients between these two modes. The modal coecients between these two hybrid modes can be manipulated by laterally o setting the upper taper. Simulation results show that this device with 11.3 µm -long PR section and 7 µm -long taper sections has the IL of − . dB and ER of 32.27 dB at the wavelength of 1550 nm and the ER of over 20 dB at the wavelength range of 1536 nm and 1568 nm. More compact device can be carried out either by shortening the input/output tapers or by widening the upper waveguide in the PR section at the expense of slightly increasing the IL.
